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A B S T R A C T
The distribution of Tm3+ and Ni2+ ions is unambiguously exhibited in 80GeS2-20Ga2S3 chalcogenide glass
ceramics (GCs) containing Ga2S3 nanocrystals (NCs) by using advanced analytical transmission electron mi-
croscopy. Distinctively different distribution patterns of Tm3+ and Ni2+ ions are observed in the GCs obtained
by controlled crystallization. The distribution of the dopants imposes strong influence on their optical properties
which are revealed by absorption and photoluminescence (PL) spectra. Detailed discussions are given of the
mechanisms of the crystallization-induced PL enhancement and quenching of the Tm3+ mid-infrared and Ni2+
near-infrared emissions, respectively.
1. Introduction
Chalcogenide glasses (ChGs), thanks to their excellent mid-infrared
(MIR) transparency and unique low phonon energy, are promising hosts
to yield MIR emissions at wavelengths (> 3.0 μm) which are, weakly if
not absolutely impossibly, observable in other hosts including famous
fluoride glasses [1]. So far, MIR emissions from rare earth (RE) ions
(e.g., Pr3+, Nd3+, Sm3+, Tb3+, Dy3+, Tm3+ etc.) doped ChGs and fi-
bers have been extended up to 8.0 μm [2–5] and theoretical modelings
have illustrated the lasing feasibility within 4.2–5.3 μm from Dy3+,
Pr3+ or Tb3+ doped optical fibers based on ChGs [6–8]. However, the
lasing performance of ChGs is strongly hampered by their poor RE-ion-
solubility among other factors [1]. This problem can be overcome by
compounding gallium or indium metal in ChGs such as Ge-Ga-S(Se) and
Ge-Sb-Ga-S(Se) systems [9]. Moreover, it is possible, with a controlled
thermal treatment, to obtain highly transparent chalcogenide glass
ceramics (GCs) with limited scattering-related losses [10]. Because of
the wide glass forming region as well as rich crystallization behaviors,
chalcogenide GCs based on the GeS2-Ga2S3 system have been ex-
tensively studied for potential applications in fiber amplifiers and
nonlinear optics. Recently, significantly enhanced (by an order of
magnitude) upconversion, near-infrared (NIR) and MIR emissions were
reported in such glass system upon the controlled crystallization of
Ga2S3 nanocrystals (NCs) [11–16].
However, the mechanisms behind the enhanced emissions remain
extremely controversy [10], mainly because the distribution of RE ions
in GCs containing the Ga2S3 NCs is still open to discussion. There have
been studies suggesting that RE ions were entering into the Ga2S3 NCs
because of the narrowing [11] and splitting of RE ions emission bands
due to the crystallization [12]. However, much more evidence that the
profiles of emission bands barely changed after the crystallization im-
plied that RE ions were most likely located in the residual glass matrix
[13,17]. A recent study also suggested the accumulation of RE ions on
the surface of the Ga2S3 NCs according to the results of transmission
electron microscopy (TEM) measurement [16]. Accordingly, the origins
of the enhanced emissions induced by the crystallization have been
ascribed to different causes: multi-reflection between the NCs [18],
variation of local chemical composition and thus environment around
the RE ions [13,14], and bonding of the RE ions to Ga3+ on the NCs
surface [16]. There has existed a similar divergence of opinions con-
cerning the distribution of RE ions in oxide GCs containing Ga2O3 NCs.
It is not until recently has the ambiguity been cleared away by some of
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the authors of this article using advanced analytical TEM [19].
Being an equally important lasing candidate as RE ions doped ChGs,
transition metal (TM) ions (Cr2+, Co2+, Fe2+ etc.) doped chalcogenide
GCs and crystals have made breathtaking progress in the development
of solid state MIR lasers in the last two decades [20,21]. However,
compared with RE ions, the emission properties of TM ions are much
more strongly influenced by their surrounding chemical environment.
For example, the emissions of Ni2+ can be either in the NIR
(1100–1700 nm) or the MIR wavelength region depending on whether
Ni2+ ions occupy octahedral or tetrahedral sites in GCs, respectively
[20]. Therefore, the knowledge of dopants distribution in GCs may
secure a rational design of materials for targeted optical functions [22].
Although substantially enhanced emissions (by an order of magnitude)
have been shown of the TM ions (Mn2+, Cr4+ etc.) doped chalcogenide
GCs containing Ga2S3 NCs [15,23], the distribution of the TM ions in
such kind of GCs is largely left unknown.
In this letter, using advanced high-resolution TEM analyses, we
provide, for the first time, the straightforward evidence of how Tm3+
and Ni2+ ions are distributed in the chalcogenide GCs containing the
Ga2S3 NCs. The results may shed new light on understanding the en-
hancement/quenching mechanisms of RE and TM ions emissions in
chalcogenide GCs.
2. Experimental section
The composition of 80GeS2-20Ga2S3 was chosen to generate the
Ga2S3 NCs because of its controlled crystallization. Tm2S3 (0.2, 1.0mol
%) and NiCl2 (0.15 mol, 0.5 mol%) were added as the dopants. The low
and high concentrations of the dopants were used for optical properties
study, and for reliable TEM measurement, respectively. Base glasses
(BGs) were prepared by traditional melt quenching method. The BGs
were further heat treated in vacuum at 460 °C for 10 h to obtain GCs.
The crystal phase of the thermally grown NCs in the GCs was identified
for the powdered GCs using an X-ray diffractometer (D/MAX 2550VB/
PC, Rigaku Corporation, Japan) with the Cu-Kα irradiation. The mi-
croscopic phase, particle size and distribution of the NCs were ex-
amined by high angle annular dark field STEM (HAADF-STEM) using
FEI Talos F200x, USA, operating at 200 kV and equipped with an en-
ergy-dispersive spectrometer (EDS) system. The elemental mapping and
sub-nanometer linescan were measured in the STEM-EDS mode. In the
STEM-EDS measurements, the probing electron beam size was 0.13 nm
in diameter, the examined area (˜ 800×800 nm2) was divided by
2048×2048 pixels and the dwell time was 20 μs per pixel. It took
approximately 20 s per one frame and 120 s for acquiring a complete
mapping image. There were no obvious damages to the samples after
the mapping measurements. The TEM samples were prepared by
manual grinding to 200 μm and then processed by ion beam milling
technique (PIPS II system from GATAN) to about 40 nm thick. Optical
transmission spectra were measured using a Perkin-Elmer Lambda 950
UV-VIS spectrophotometer. Photoluminescence (PL) spectra were
measured by the SDL-1 double grating spectrometer, with the PL in-
tensity corrected by the instrumental response. The excitation light
source was 808 nm continuous wave output from a semiconductor
laser.
3. Results and discussion
As shown in Fig. 1(a), XRD pattern of the BG sample is typical of
amorphous materials, and that of the GC sample exhibits sharp dif-
fraction peaks which can be well identified to be the γ-Ga2S3 crystalline
phase (zincblende-type, space group F 43m). The average size of the
NCs is about 40 nm calculated by the Scherrer formula. The crystalline
volume fraction is 15 ± 5% estimated by the proportion of the in-
tegrated area under the crystalline peaks [24]. HAADF-STEM image
(Fig. 1(b)) and STEM-EDS mappings show clearly that the precipitated
NCs are Ga2S3, in the size of about 50 nm, and distributed evenly in the
GCs. The distributions of Ge4+ (Fig. 1(c)) and Ga3+ (Fig. 1(d)) are
complementary to each other, i.e., Ga2S3 NCs are surrounded by a
germanium-enriched shell. This suggests such a self-limited crystal-
lization process that the crystal growth can be inhibited by a diffusion
barrier of the highly viscous germanium-rich shell, akin to the diffu-
sion-limited Ostwald ripening process [25]. According to Lin [26],
crystallization of the Ga2S3 NCs in glasses may be initialized by the
molecular scale phase separation of the topological structural units
[S3Ga-X-GaS3]n (X = S or none, n> 1), which is intermediate in be-
tween short and medium range order. Benefiting from the self-limited
crystallization, the GCs embedded with the Ga2S3 NCs retain excellent
IR transparency, which is important for IR optical applications [10].
Although the distribution of RE ions such as Dy3+ and Tm3+ has
been studied by TEM in GCs embedded with the Ga2S3 NCs, the low
doping concentration of RE ions (˜ 0.5mol.%) adopted in the previous
studies prohibited a conclusive elemental mapping by STEM-EDS
[16,17]. In the current work, using a heavily Tm3+-doped (2.0 mol%
Tm3+) GC sample without sacrificing its controlled crystallization, we
are able to provide, for the first time, distinct evidence of how Tm3+
ions are distributed in the Ga2S3 GCs. Comparing STEM-EDS elemental
mappings of Ga3+ and Tm3+ (Fig. 2(b)), it is interesting to note that the
distribution of Tm3+ ions appears to be complementary to that of Ga3+
ions, viz., Tm3+ ions are homogeneously dispersed in the residual
Ge4+-rich glassy matrix, rather than accumulated into the body of or
particularly on the surface of the Ga2S3 NCs as suggested by Wang [16].
Further evidence is also obtained from STEM-EDS linescan measure-
ment (Fig. 2(e)), where it is clearly shown of the exclusion of Tm3+ ions
from the Ga2S3 NCs and their uniform distribution in the residual glass
matrix. In contrast, the preferential incorporation of Ni2+ ions in the
Ga2S3 NCs can be noticed from Fig. 2(d), which is possibly due to the
substitution of the Ni2+ ions for tetrahedrally coordinated Ga3+ sites
given the similarity of the ionic radii between Ga3+ (0.47 Å) and Ni2+
(0.55 Å) [27].
Among all crystallographic forms of Ga2S3 – hexagonal α-Ga2S3,
monoclinic α'-Ga2S3, wurtzite-type β-Ga2S3, and zincblende-type γ-
Ga2S3, gallium atoms are fourfold-coordinated in the tetrahedral con-
figuration [28]. For γ-Ga2S3, known for its face-centered-cubic struc-
ture, two thirds of its general tetrahedral sites are zincblende structure
constructed by Ga3+, and the rest are empty cationic tetrahedral sites
formed by structural vacancies [29]. In fact, γ-Ga2S3 may be regarded
as a sort of cubic β-ZnS crystal (defect sphalerite) in terms of the si-
milarities of the crystalline structure and ligand field between these two
crystals. However γ-Ga2S3 has a lower phonon energy (˜ 235 cm−1)
[15] than the typical ZnS laser crystals (˜ 350 cm−1) [30]. Considering
the similarity of the ionic radii between tetrahedrally coordinated
Mn2+ (0.66 Å), Cr4+ (0.41 Å) and Ga3+, the enhanced Mn2+ and Cr4+
emissions as previously observed in the Ga2S3 GCs [15,23] may be
understood to be due to the preferential incorporation of the TM ions in
the low-phonon-energy Ga2S3 NCs. In this work, the chemical en-
vironment around the Ni2+ ions when incorporated into the Ga2S3 NCs,
suffers from distinct variations, exerting prominent influence on the
optical properties of Ni2+ ions. For example, pronounced changes can
be found comparing the absorption spectra of the Ni2+ doped BG and
GC samples as shown in Fig. 3. In the BG sample, the 760 and 1400 nm
absorption bands are due to the spin-forbidden 3A2 → 1E(D) and the
spin-allowed 3A2(F) → 3T2 transitions of 6-fold octahedrally co-
ordinated Ni2+ ions ([6]Ni2+), respectively [22]. In the crystallized GC
sample, the absorption bands are converted into the 860, 1023,
2057 nm bands which are attributed to the transitions from the 3T1(F)
ground state to the excited 3T1(P), 3A2(F), 3T2(F) states of 4-fold tet-
rahedrally coordinated Ni2+ ions ([4]Ni2+) [20]. The absorption of
[4]Ni2+ is much stronger than [6]Ni2+ because of the lack of inversion
symmetry and the removal of degeneracy in the lower symmetry tet-
rahedral sites. It is well known that the octahedrally coordinated Ni2+
ions can give rise to an ultra-broad NIR emission, which is indeed ob-
served albeit only weakly in the Ni2+-doped BG sample as shown in
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Fig. 3(b). Notably, the Ni2+ NIR emission almost totally quenches in the
crystallized GC sample, which is in agreement with the fact that most
Ni2+ ions are entering into the tetrahedral sites during the crystal-
lization process and thus become NIR-emission inactive. In fact, Ni2+
ions doped IIeVI chalcogenide crystals (e.g., ZnS, ZnSe etc.) are known
for their ultrabroadband MIR emission only at low temperatures
(< 150 K). There have been no measurable room temperature MIR
emissions reported to date [20].
Unlike Ni2+ ions, Tm3+ ions are expelled from the γ-Ga2S3 NCs
(Fig. 2(b)). This is also contrary to the case of RE ions doped oxide GCs
containing γ-Ga2O3 NCs, where it has been revealed of the preferential
accumulation of the RE ions in the Ga2O3 NCs. The discrepancy arises
due to differences in the crystal structures between γ-Ga2S3 and γ-
Ga2O3. In the γ-Ga2O3 NCs, it has been suggested that RE ions may
substitute for the octahedral Ga3+ sites or vacancies [22]. However, as
mentioned above, there are only 4-fold tetrahedrally coordinated Ga3+
sites in the Ga2S3 NCs. Previous EXAFS study has proved that RE ions
tend to be 6- or 7-fold coordinated in Ge-Ga-S ChGs [31], therefore the
lack of suitable substituting sites imposes considerable energy barrier
for the RE ions to be accumulated into the γ-Ga2S3 NCs.
To clearly reveal the differences between the absorption spectra of
the Tm3+-doped base and crystallized GC samples, the absorption
spectrum of the Tm3+-doped GC sample was shifted upwards by 0.7
unit. Otherwise, the absorbance of the GC samples studied in this work
is of the similar values to those reported by Wang [16]. We did not
observe any splitting of the Tm3+ absorption bands in the crystallized
GC sample (Fig. 4(a)), again corroborating the opinion that most RE
ions are residing in the residual amorphous matrix. Generally, emis-
sions of RE ions in glasses are subject to the following factors [2,10]: a)
concentration of the doped RE ions which is reflected by the ion-to-ion
distance, b) local asymmetry around the RE ions which is reflected by
the degree of breaking the Laporte selection rule, c) multi-phonon re-
laxation which is related to the phonon energy of the matrix, and d)
refractive index which is reflected by the local electric field correction
factor, viz., (n2+2)/3 or 3n2/(2n2+1) in the Lorentz virtual or real
cavity model, respectively [2]. The phonon energy of the glassy matrix
(˜ 340 cm−1) is higher than that of γ-Ga2S3, which is in favor of in-
creasing of multi-phonon deactivation and thus quenching of the RE
Fig. 1. (a) XRD patterns of base glass (BG) and
glass-ceramic (GC) samples. The stars indicate
the characteristic diffraction peaks corre-
sponding to γ-Ga2S3 crystal (JCPDS card No.
43-0916). (b) Typical HAADF-STEM image of
the GC and corresponding STEM-EDS ele-
mental mappings of (c) Ge, (d) Ga, and (e) S,
whose concentrations are reflected by the
brightness in colors.
Fig. 2. (a), (c) HAADF-STEM images of selected Ga2S3 - rich regions in GCs, and corresponding STEM-EDS elemental mappings of (b)Ga/Tm in 2.0 mol.% Tm3+-
doped, and (d) Ga/Ni in 0.5 mol.% Ni2+-doped GCs. The concentrations of elements are reflected by the brightness in colors. (e) linescan analyses for S, Ge, Ga and
Tm.
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ions emissions. However, a significantly enhanced Tm3+ MIR emission
at 3.7 μm is observed in the GC sample, as shown in Fig. 4(b). The
residual glass matrix of the GC sample, being rich in GeS2 and poor in
Ga2S3 (Fig. 2), is expected to have a lower refractive index than the base
glass sample, according to the fact that the refractive index increases
with the Ga2S3 content in the (100-x)GeS2-xGa2S3 glass system [10].
Therefore, weaker emission would be expected after the crystallization
if the refractive index played a dominating role, which is obviously
contradict to the observation (Fig. 4(b)). The above results indicate that
there must exist some more influential factors to counterbalance the
negative effects arising from the larger phonon-energy and smaller re-
fractive index of the residual glass matrix.
In Ga3+-containing ChGs, both experimental and stimulation stu-
dies have pointed out preferential spatial correlations between RE ions
and [GaS4]− tetrahedra even at low Ga-doping levels (< 1mol.%)
[32]. Although the residual glassy matrix is lack of Ga2S3, however, due
to the limited crystallinity (˜ 15%, Fig. 1), there may well be enough
[GaS4]− tetrahedra being spatially correlated with the 0.4mol. %
Tm3+. It has been proved that the [GaS4]− tetrahedra to RE ions ratio
of 10 is already good enough to effectively avoid RE ions clustering
[33]. Therefore, it is likely that the local asymmetry around RE ions
does not undergo fundamentally different changes after the crystal-
lization. So far, there is only one factor left undiscussed, that is the ion-
to-ion distance between RE ions. Because most Tm3+ ions are stuffed in
the residual glassy matrix, the ion-to-ion distance decreases corre-
spondingly. As a result, stronger mutual interactions may occur be-
tween the RE ions. This is indeed the case as confirmed by comparing
NIR emission spectra of the Tm3+ doped BG and GC samples as shown
in Fig. 4(b). The intensity ratio of the Tm3+ 1850 to 1450 nm emission
band is larger in the GC than in the BG sample — a clear evidence of
stronger mutual interactions between Tm3+ ions because it is closely
dependent on the Tm3+ concentration and the ion-to-ion distance [34].
As a final remark, the unique feature of GCs has to be taken account of
multiple scattering due to the presence of the Ga2S3 NCs with a larger
refractive index (2.563) than the residual glassy matrix [10]. The
multiple scattering increases light-matter interaction by ensuring the
efficient utilization of the pump light source, and thus leads to the
enhanced emissions [18].
4. Conclusions
According to the nanoscale TEM analyses, Tm3+ and Ni2+ ions are
accumulating in the residual glassy matrix and thermally grown Ga2S3
NCs, respectively. The 6-fold octahedrally coordinated Ni2+ ions con-
vert to the 4-fold tetrahedrally coordinated ones after the controlled
crystallization. As a result, the broadband NIR emission from the
[6]Ni2+ ions dramatically quenches in the GC sample. Because most
Tm3+ ions remain in the residual glassy matrix of the GC sample, the
ion-to-ion distance between Tm3+ ions decreases after the crystal-
lization. The shortened ion-to-ion distance leads to the stronger mutual
interactions as evidenced by the larger intensity ratio of the Tm3+ 1850
to 1450 nm emission band. This, together with the increased light-
matter interactions due to the multiple scattering, accounts for the
enhanced MIR emissions observed in such kind of chalcogenide GCs.
Acknowledgements
This work was financial supported by the Key Program for
International S&T Cooperation Projects of China (2016YFE0126500),
National Natural Science Foundation of China (61575050, and
51872055), Key Program for Natural Science Foundation of
Heilongjiang Province of China (ZD2016012), the Open Fund of the
Fig. 3. (a) Absorption and (b) emission spectra of non-doped (80-20 BG), 0.15mol.% Ni2+-doped base glass (80-20-Ni BG) and glass ceramic (80-20-Ni GC) samples.
The excitation wavelength is 808 nm.
Fig. 4. (a) Absorption and (b) Emission spectra of 0.4 mol.% Tm3+-doped base glass (0.4 Tm BG) and glass ceramic (0.4 Tm GC) samples. The excitation wavelength
is 808 nm.
X. Lu et al. Journal of the European Ceramic Society xxx (xxxx) xxx–xxx
4
State Key Laboratory on Integrated Optoelectronics (IOSKL2016KF03),
Natural Science Foundation of Heilongjiang Province of China
(F2017006), the Fundamental Research Funds for the Central
Universities and the 111 project (B13015) to the Harbin Engineering
University.
References
[1] A.B. Seddon, Z. Tang, D. Furniss, S. Sujecki, T.M. Benson, Progress in rare-earth-
doped mid-infrared fiber lasers, Opt. Express 18 (2010) 26704–26719.
[2] J. Ren, T. Wagner, M. Bartos, M. Frumar, J. Oswald, M. Kincl, B. Frumarova,
G. Chen, Intense near-infrared and midinfrared luminescence from the Dy3+-doped
GeSe2–Ga2Se3–MI (M=K, Cs, Ag) chalcohalide glasses at 1.32, 1.73, and 2.67 μm, J.
Appl. Phys. 109 (2011) 033105.
[3] M. Li, Y. Xu, X. Jia, L. Yang, N. Long, Z. Liu, S. Dai, Mid-infrared emission properties
of Pr3+-doped Ge-Sb-Se-Ga-I chalcogenide glasses, Opt. Mater. Express 8 (2018)
992–1000.
[4] F. Starecki, A. Braud, N. Abdellaoui, J.-L. Doualan, C. Boussard-Plédel, B. Bureau,
P. Camy, V. Nazabal, 7 to 8 μm emission from Sm3+ doped selenide fibers, Opt.
Express 26 (2018) 26462–26469.
[5] J. Ari, F. Starecki, C. Boussard-Plédel, Y. Ledemi, Y. Messaddeq, J.L. Doualan,
A. Braud, B. Bureau, V. Nazabal, Co-doped Dy3+ and Pr3+ Ga5Ge20Sb10S65 fibers
for mid-infrared broad emission, Opt. Lett. 43 (2018) 2893–2896.
[6] J. Cui, X. Xiao, Y. Xu, X. Cui, M. Chen, J. Guo, M. Lu, B. Peng, H. Guo, Mid-infrared
emissions of Dy3+ doped Ga-As-S chalcogenide glasses and fibers and their po-
tential for a 4.2 μm fiber laser, Opt. Mater. Express 8 (2018) 2089–2102.
[7] J. Hu, C.R. Menyuk, C. Wei, L. Brandon Shaw, J.S. Sanghera, I.D. Aggarwal, Highly
efficient cascaded amplification using Pr3+-doped mid-infrared chalcogenide fiber
amplifiers, Opt. Lett. 40 (2015) 3687–3690.
[8] L. Sojka, Z. Tang, D. Furniss, H. Sakr, Y. Fang, E. Beres-Pawlik, T.M. Benson,
A.B. Seddon, S. Sujecki, Mid-infrared emission in Tb3+-doped selenide glass fiber, J.
Opt. Soc. Am. B 34 (2017) A70–A79.
[9] Q. Jiao, G. Li, L. Li, C. Lin, G. Wang, Z. Liu, S. Dai, T. Xu, Q. Zhang, Effect of gallium
environment on infrared emission in Er3+-doped gallium-antimony-sulfur glasses,
Sci. Rep. 7 (2017) 41168.
[10] C. Lin, C. Rüssel, S. Dai, Chalcogenide glass-ceramics: functional design and crys-
tallization mechanism, Prog. Mater. Sci. 93 (2018) 1–44.
[11] V. Seznec, H.L. Ma, X.H. Zhang, V. Nazabal, J.-L. Adam, X.S. Qiao, X.P. Fan,
Preparation and luminescence of New Nd3+ doped chloro-sulphide glass-ceramics,
Opt. Mater. 29 (2006) 371–376.
[12] B.W. Lozano, C.B. de Araújo, Y. Ledemi, Y. Messaddeq, Upconversion luminescence
in Er3+ doped Ga10Ge25S65 glass and glass-ceramic excited in the near-infrared, J.
Appl. Phys. 113 (2013) 083520.
[13] C. Lin, L. Calvez, Z. Li, S. Dai, H. Tao, H. Ma, X. Zhang, B. Moine, X. Zhao, Enhanced
up-conversion luminescence in Er3+-doped 25GeS2·35Ga2S3·40CsCl chalcogenide
glass–ceramics, J. Am. Ceram. Soc. 96 (2012) 816–819.
[14] S. Dai, C. Lin, F. Chen, X. Zhang, C. Liu, K. Xu, J. Heo, X. Shen, X. Wang, Enhanced
mid-Ir luminescence of Tm3+ ions in Ga2S3 nanocrystals embedded chalcohalide
glass ceramics, J. Non-Cryst. Solids 357 (2011) 2302–2305.
[15] J. Ren, B. Li, G. Yang, W. Xu, Z. Zhang, M. Secu, V. Bercu, H. Zeng, G. Chen,
Broadband near-infrared emission of chromium-doped sulfide glass-ceramics con-
taining Ga2S3 nanocrystals, Opt. Lett. 37 (2012) 5043–5045.
[16] R. Wang, K. Yan, M. Zhang, X. Shen, S. Dai, X. Yang, Z. Yang, A. Yang, B. Zhang,
B. Luther-Davies, Chemical environment of rare earth ions in Ge28.125Ga6.25S65.625
glass-ceramics doped with Dy3+, Appl. Phys. Lett. 107 (2015) 161901.
[17] C. Lin, S. Dai, C. Liu, Ba. Song, Y. Xu, F. Chen, J. Heo, Mechanism of the en-
hancement of mid-infrared emission from GeS2-Ga2S3 chalcogenide glass-ceramics
doped with Tm3+, Appl. Phys. Lett. 100 (2012) 231910.
[18] Y. Chu, et al., Topological engineering of photoluminescence properties of bismuth-
or erbium-doped phosphosilicate glass of arbitrary P2O5 to SiO2 ratio, Adv. Opt.
Mater. 6 (2018) 1800024.
[19] Z. Gao, X. Lu, Y. Chu, S. Guo, L. Liu, Y. Liu, S. Sun, J. Ren, J. Yang, The distribution
of rare earth ions in a γ-Ga2O3 nanocrystal-silicate glass composite and its influence
on the photoluminescence properties, J. Mater. Chem. C 6 (2018) 2944–2950.
[20] L.D. DeLoach, R.H. Page, G.D. Wilke, S.A. Payne, W.F. Krupke, Transition metal-
doped zinc chalcogenides: spectroscopy and laser demonstration of a new class of
gain media, IEEE J. Quantum Electron. 32 (1996) 885–895.
[21] S.B. Mirov, V.V. Fedorov, D. Martyshkin, I.S. Moskalev, M. Mirov, S. Vasilyev,
Progress in mid-IR lasers based on Cr and Fe-doped II–VI chalcogenides, IEEE J. Sel.
Top. Quan. Electron. 21 (2015) 292–310.
[22] Z. Gao, et al., Controlling selective doping and energy transfer between transition
metal and rare earth ions in nanostructured glassy solids, Adv. Opt. Mater. 6 (2018)
1701407.
[23] W. Xu, J. Ren, Q. Yan, G. Chen, Enhanced photoluminescence of Eu2+–Mn2+ Co-
doped chalcohalide glasses by controlled crystallization, J. Lumin. 144 (2013)
18–21.
[24] X. Lu, Y. Zhang, J. Ren, E. Lewis, G. Farrell, A. Yang, Z. Yang, P. Wang,
Chalcogenide glasses with embedded ZnS nanocrystals: potential mid-infrared laser
host for divalent transition metal ions, J. Am. Ceram. Soc. 101 (2017) 666–673.
[25] C. Lin, C. Bocker, C. Rüssel, Nanocrystallization in oxyfluoride glasses controlled by
amorphous phase separation, Nano Lett. 15 (2015) 6764–6769.
[26] C. Lin, L. Calvez, H. Tao, M. Allix, A. Moréac, X. Zhang, X. Zhao, Evidence of
network demixing in GeS2–Ga2S3 chalcogenide glasses: a phase transformation
study, J. Solid State Chem. 184 (2011) 584–588.
[27] R.D. Shannon, Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides, Acta Crystall. Sect. A 32 (1976) 751–767.
[28] M.P. Pardo, M. Guittard, A. Chilouet, A. Tomas, Diagramme De Phases Gallium-
Soufre Et tudes Structurales Des Phases Solides, J. Solid State Chem. 102 (1993)
423–433.
[29] M. Guymont, A. Tomas, M.P. Pardo, M. Guittard, Electron microscope study of γ-
Ga2S3, Phys. Status Solidi (a) 113 (1989) K5–K7.
[30] I.T. Sorokina, Cr2+-doped II–VI materials for lasers and nonlinear optics, Opt.
Mater. 26 (2004) 395–412.
[31] J. Heo, Emission and local structure of rare-earth ions in chalcogenide glasses, J.
Non-Cryst. Solids 353 (2007) 1358–1363.
[32] T.H. Lee, S.I. Simdyankin, L. Su, S.R. Elliott, Evidence of formation of tightly bound
rare-earth clusters in chalcogenide glasses and their evolution with glass compo-
sition, Phys. Rev. B 79 (2009) 180202.
[33] B.G. Aitken, C.W. Ponader, R.S. Quimby, Clustering of rare earths in geas sulfide
glass, C.R. Chim. 5 (2002) 865–872.
[34] Z. Zhang, J. Ren, Q. Yan, G. Chen, Study on 1.8μm emission of Tm3+ doped
GeS2–Ga2S3–CsCl glasses, J. Non-Cryst. Solids 383 (2014) 209–211.
X. Lu et al. Journal of the European Ceramic Society xxx (xxxx) xxx–xxx
5
View publication stats
